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1. Introduction 
Thiosulphate administered to animal tissues is 
converted to sulphate [11, which is formed from the 
intermediate, sulphite, by sulphite oxidase [2] . The 
initial conversion of thiosulphate to sulphite is catalys- 
ed by two enzymes, thiosulphate sulphurtransferase 
(rhodanese) and thiosulphate reductase [3], both of 
which are found in mitochondria [4,5], thiosulphate 
sulphurtransferase being localised exclusively in the 
mitochondrial matrix [6] . This raises the question of 
the permeability of mitochondria to thiosulphate and 
sulphite. Recent work [7] has indicated that the 
sulphate and sulphite anions may be transported by 
the dicarboxylate carrier of rat liver mitochondria 
and that sulphite may also permeate by an additional 
mechanism equivalent to an exchange for hydroxyl 
ions. This paper examines the permeation of thiosul- 
phate and presents evidence that thiosulphate 
transport is also catalysed by the dicarboxylate 
carrier. 
2. Materials and methods 
[32P]Phosphoric acid, [1,5-14C]citrate, [5-14C]- 
oxoglutarate, [ 1-l 4 C] malonate, [ 1,4-l 4 C] succinate, 
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[U-14C]malate, [35 Slsulphuric acid and [3s S] thio- 
sulphate labelled in the outer sulphur atom were ob- 
tained from the Radiochemical Centre, Amersham, 
U.K. 
Rat liver mitochondria were isolated and loaded 
with various labelled metabolites as described previous- 
ly [7-91. The loading procedure leads to an intrami- 
tochondrial concentration of metabolites of 8-20 mM. 
The exchanges between the intramitochondrial l bel- 
led anious and externally-added anions were done in 
1 ml medium containing 100 mM KCl, 20 mM Tris- 
HCl, 1 pg antimycin, 1 mM EGTA and metabolite- 
loaded mitochondria (approx. 2 mg protein), the pH 
was 7.4 and the temperature was 8°C. After 2 min 
preincubation the exchange reactions were started by 
adding the external, unlabelled anions and they were 
terminated 1min later by centrifugation for 1 min 
in an Eppendorf bench centrifuge (model 3200). The 
mitochondrial pellet was extracted and the radio- 
activity measured [7]. In some reactions the medium 
contained the inhibitors N-ethylmaleimide, 2-butyl- 
malonate, or mersalyl as indicated. Each exchange was 
accompanied by a control experiment in which no 
external anion was added. 
The kinetics of thiosulphate uptake were measured 
by the ‘inhibitor stop’ method as described before 
[9] . The reaction medium (1 ml) contained 0.22 M 
sucrose, 10 mM Tris-HCl, 10 mM KCl, 1 mM MgCl2, 
1 E.cg rotenone 1 mM N-ethylmaleimide and phos- 
phate-loaded mitochondria (approx. 2 mg protein), 
pH 7.0 and temperature 3°C. 
The rate of mitochondrial swelling was measured 
by recording the decrease inEe2 3. 
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phosphate and sulphate, all of which are substrates of 
the dicarboxylate carrier [7,1 l] . Furthermore, these 
exchanges are strongly inhibited by butylmalonate 
and mersalyl, two inhibitors of the dicarboxylate 
carrier [ 12,131, but not by N-ethylmaleimide. In con- 
trast, thiosulphate exchanges very poorly with 
oxoglutarate and citrate, substrates of the oxogluta- 
rate and tricarboxylate carriers respectively [ 11,141 ;
in these experiments, an additional control exchange 
was done using either malonate or malate. 
It is important to note that the concentration of 
mersalyl used (0.1 mM, 50 nmoles/mg mitochondrial 
protein) was greater than that needed to inhibit the 
dicarboxylate carrier (25 nmoles/mg, 13) but insuffi- 
cient to inhibit significantly the oxoglutarate and 
tricarboxylate carriers [ 8,151. Thus, in control ex- 
periments, addition of 0.1 mM mersalyl decreased 
phosphate-malonate exchange from 88-4% (catalys- 
ed by the dicarboxylate carrier, [ 1 l] ), but decreased 
the malonate-malonate, malate-malate and succinate- 
succinate exchanges reported in table 1 by less than 
7% (catalysed by the dicarboxylate, oxoglutarate and, 
in the case of malate, the tricarboxylate carriers 
[11,12,16]). 
Fig. 1. A comparison between mitochondrial swelling in 
ammonium thiosulphate (a) and ammonium malonate (b). 
The incubations contained 100 mM ammonium thiosulphate 
(a) or 100 mM ammonium malonate (b), 20 mM Tris-HCI, 
0.5 mM EDTA, 1 pg rotenone and 2.1 mg mitochondrial 
protein. At the arrow 5 mM ammonium phosphate or 5 mM 
ammonium sulphite was added. Final vol. 2.5 ml, pH, 7.4. 
3. Results 
Fig. 1 shows the swelling of rat liver mitochondria 
suspended in iso-osmotic ammonium thiosulphate (a) 
and, as a control, ammonium malonate (b). Little 
swelling occurs in either medium until 5 mM phos- 
phate or sulphite is added. Phosphate and, as recently 
shown, sulphite can both permeate by a process 
equivalent to an exchange for hydroxyl ions [ 7, lo] . 
In addition both are transported by the dicarboxylate 
carrier [7,1 I] . Thus, in the control experiment, 
ammonium phosphate or sulphite permeates and 
malonate enters in an exchange for phosphate or 
sulphite catalysed by the dicarboxylate carrier [7,1 l] . 
Since similar results are seen with ammonium thio- 
sulphate it is suggested that thiosulphate also can 
enter in exchange with phosphate and sulphite. 
Table 1 reports the effluxes of intramitochondrial 
anions elicited by the addition of extramitochondrial 
thiosulphate. It is reasonable to assume that any efflux 
occurring does so by exchange with the externally- 
added anion. Each series of exchanges includes an 
experiment in which the externally-added anion is 
the same as the intramitochondrial anion. In this case, 
the exchange is the maximum obtainable and provides 
a reference for the other exchanges involving thiosul- 
phate. 
External thiosulphate exchanges to about the maxi- 
mum degree with internal malonate, malate, succinate, 
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In fig. 2 the kinetics of thiosulphate influx are 
presented in double reciprocal form. The plot is linear 
and displays a Km value of approx. 1 mM and a V,, 
- 
% +2hiosulpha~el, mM 
Fig. 2. The dependence of the rate of [ 35 S] thiosulphate 
uptake on the external thiosulphate concentration at 3°C and 
pH 7.0. Experimental details are given in the text. Additions: 
(0) nil; (0) 1 mM phosphate; (A) 0.5 mM malonate. The units 
of V are nmole thiosulphate influx/mg mitochondrial protein 
per min. 
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Table 1 
The exchanges between labelled, intramitochondrial anions and 
extramitochondrial thiosulphate 
Intramitochondrial Extramitochondrial 
anion anion (2 mM) 
Inhibitor % Exchange 
after 1 min 
Sulphate 
Sulphate 
Sulphate 
Sulphate 
Sulphate 
Phosphate 
Phosphate 
Phosphate 
Phosphate 
Phosphate 
Malonate 
Malonate 
Malonate 
Malonate 
Malonate 
Malate 
Malate 
Malate 
Malate 
Malate 
Succinate 
Succinate 
Succinate 
Succinate 
Succinate 
Oxoglutarate 
Oxoglutarate 
Oxoglutarate 
Citrate 
Citrate 
Citrate 
Sulphate - 
Thiosulphate - 
Thiosulphate N-Ethylmaleimide 
Thiosulphate Butylmalonate 
Thiosulphate Mersalyl 
Phosphate _ 
Thiosulphate _ 
Thiosulphate N-Ethylmaleimide 
Thiosulphate Butylmalonate 
Thiosulphate Mersalyl 
Malonate _ 
Thiosulphate _ 
Thiosulphate N-Ethylmaleimide 
lhiosulphate Butylmalonate 
Thiosulphate Mersalyl 
Malate _ 
Thiosulphate - 
Thiosulphate N-Ethylmaleimide 
Thiosulphate Butylmalonate 
Thiosulphate Mersalyl 
Succinate - 
Thiosulphate _ 
Thiosulphate N-Ethylmaleimide 
Thiosulphate Butylmalonate 
Thiosulphate Mersalyl 
Oxoglutarate - 
Malonate - 
Thiosulphate - 
Citrate - 63 
Malate - 58 
Thiosulphate - 6 
74 
81 
77 
6 
1 
70 
66 
61 
1 
3 
95 
92 
86 
0 
6 
85 
75 
69 
1 
4 
82 
74 
76 
0 
2 
76 
71 
1 
- 
The experimental details are explained in the text. The values given are the percentage 
decreases in the radioactivity content of the mitochondria on the addition of extra- - 
mitochondrial anions (potassium salts). The inhibitor concentrations used were: 2 mM 
N-ethylmaleimide, 20 mM butylmalonate and 0.1 mM mersalyl. 
of 15 nmoles/min per mg protein at 3°C and pH 7.0. 
Phosphate and malonate decrease the rate of thiosul- 
phate uptake, inpart, at least, by increasing the Km 
value for thiosulphate. 
4. Discussion 
[7,1 I] of the dicarboxylate carrier. In addition, 
phosphate and malonate inhibit thiosulphate uptake 
in a largely competitive manner. The most straight- 
forward explanation of these data would seem to be 
that the dicarboxylate carrier is able to transport 
thiosulphate. 
In contrast, the evidence suggests that thiosulphate 
Thiosulphate exchanges in a butylmaionate and is not transported by the phosphate, oxoglutarate or 
mersalyl-sensitive way with recognised substrates tricarboxylate carriers. Phosphate permeation, catalys- 
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ed by the dicarboxylate carrier, may be selectively inhi- 
bited by butylmalonate [ 12,17,18] , thus permitting 
phosphate transport by the phosphate carrier alone. 
Under these conditions, thiosulphate does not exchange 
significantly with phosphate. Furthermore, specific 
inhibition of the phosphate carrier by N-ethylmaleimide 
[ 131 causes little inhibition of any exchange involving 
thiosulphate. Malate, malonate and succinate are all 
substrates of the dicarboxylate and oxoglutarate 
carriers, and, in addition, malate is transported by the 
tricarboxylate carrier [ 11,12,14] . The contribution 
of these systems to the exchanges with thiosulphate 
may be resolved by the use of mersalyl, which, when 
used as described, selectively inhibits the dicarboxylate 
carrier [7,8,15] ; it also inhibits the thiosulphate- 
dicarboxylate exchanges. Direct evidence against the 
involvement of the oxoglutarate and tricarboxylate 
carriers in thiosulphate transport is provided by the 
small degree to which thiosulphate can exchange with 
oxoglutarate and citrate. 
The lack of mitochondrial swelling in ammonium 
thiosulphate alone confirms the absence of a mechanism 
of thiosulphate entry in exchange for hydroxyl ions or 
together with protons. The stimulation of swelling by 
phosphate and sulphite agrees with the suggested 
capacity of the dicarboxylate carrier to transport 
thiosulphate. 
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